Buffered Fourier domain mode-locked (FDML) lasers are demonstrated for dynamic phase-sensitive optical coherence tomography (OCT) and 3D OCT phase microscopy. Systems are operated at sweep speeds of 42, 117, and 370 kHz, and displacement sensitivities of 39, 52, and 102 pm are achieved, respectively. Sensitivities are comparable to spectrometer-based OCT phase microscopy systems, but much faster acquisition speeds are possible. An additional factor of ͱ 2 improvement in noise performance is observed for differential phase measurements, which is important for Doppler OCT. Dynamic measurements of piezoelectric transducer motion and static 3D OCT phase microscopy are demonstrated. Buffered FDML lasers provide excellent displacement sensitivities at extremely high sweep speeds.
Optical coherence tomography (OCT) is a powerful 3D imaging modality for biomedical and materials applications. 1 Contrast in standard OCT images results from measuring the interference signal amplitude in a Michelson interferometer. It is also possible to extract the phase of the interference signal, thereby giving an alternative contrast modality. Differential phase information can be used to perform Doppler flow OCT, 2 while absolute phase information can be used for OCT phase microscopy. 3 The introduction of Fourier domain OCT techniques has increased imaging speeds up to 75,000 lines per second ͑75 kHz͒ using spectrometer-based "spectral/Fourier domain" detection 4 and up to 370 kHz using "swept source/Fourier domain" detection with buffered Fourier domain mode-locked (FDML) laser sources. 5 Phase-sensitive Fourier domain detection enables phase-based contrast at extremely high imaging speeds. OCT phase microscopy has been demonstrated with spectral/Fourier domain [6] [7] [8] FDML lasers are a new class of wavelength-swept laser, where a tunable intracavity filter is tuned synchronously to the cavity round-trip time.
14 This produces a highly stable, low-noise, quasi-continuouswave operating regime. In buffered FDML lasers, the cavity is split into multiple sections, enabling unidirectional sweeping at increased sweep rates. 5 This Letter demonstrates dynamic phase-sensitive OCT and 3D OCT phase microscopy using buffered FDML lasers at sweep rates of 42, 117, and 370 kHz. Figure 1 shows the setup for phase-sensitive OCT. 95% of the laser power enters a common path Michelson interferometer, where the front surface of a 210-m-thick glass coverslip provides the reference reflection. A sample such as a biological tissue or photonic device can be placed on the back surface of the coverslip; 5% of the laser power is directed to a second common path interferometer used to calibrate the slow phase drift of the FDML laser. This calibration is required, since the phase noise of FDML lasers consists of a low-amplitude white Gaussian component and a larger amplitude slow component. The slow component typically has a period of 1 -5 ms and is likely caused by drift in the fiber Fabry-Perot (FFP) tunable filter. Calibration of this drift is performed by low-pass filtering the phase of the calibration signal and subtracting it from the phase of the sample signal. The sample and calibration channels are simultaneously recorded by a 5 Gsample/ s digital oscilloscope (for displacement sensitivity measurements) or a 200 Msample/ s analog-digital card (for imaging experiments). A computer is used to resample the interference fringes onto a uniform k spacing, Fourier transformation, phase extraction, and calibration.
Displacement sensitivities (DSs) were measured by recording the phase at the back surface of the 210 m coverslip, relative to the front surface. Phase infor- mation was obtained by Fourier transforming the interference spectra, isolating the back surface reflection, and finding the angle of its complex-valued peak. Buffered FDML lasers with sweep rates of 42, 117, and 370 kHz were constructed. A nonbuffered FDML laser operating at 42 kHz and a conventional swept laser 15 operating at 2 kHz were also tested. All lasers had a total bandwidth Ͼ110 nm and average output power Ͼ11 mW at a center wavelength of 1285 nm. The same FFP (Lambda Quest Inc.) and semiconductor amplifiers (InPhenix Inc.) were used in all lasers.
Optical path displacement ⌬z is calculated from the measured phase ⌬ as ⌬z = 0 ⌬ /4n, where 0 is the center wavelength and n is the sample refractive index. 11 The standard deviation of ⌬z over several hundred measurements gives the system displacement sensitivity. Differential displacement sensitivities (DDSs) were calculated by subtracting the measured phase of consecutive axial scans, ⌬ 1 − ⌬ 0 . This measurement suggests how FDML lasers will perform for Doppler OCT. Finally, the theoretical signal-to-noise ratio (SNR) limited DS was calculated as ⌬z sens = ͑ 0 /4n͒SNR −1/2 , where SNR is measured at the back surface reflection. 11 The SNR ranged from 62 to 77 dB for the lasers tested and is calculated as the peak reflection intensity divided by the noise floor in the same measurement. Figure 2 shows DS measurements comparing the conventional swept laser operating at 2 kHz with the buffered FDML laser operating at 117 kHz. The buffered FDML laser provides a 4.3ϫ improvement in DS and a 59ϫ improvement in sweep speed. Details of the DS measurements are shown in Table 1 , column 2. All FDML lasers improved DS when compared with the conventional swept laser, even though the FDML sources operate at much higher sweep speeds. When comparing the nonbuffered FDML laser at 42 kHz with the buffered FDML laser at 42 kHz, the buffered FDML (B-FDML) provides an additional 1.8ϫ improvement in DS. This is because dual output couplers are used in the buffered FDML fiber cavity, which produces alternating sweeps, in groups of two, that are virtual optical copies of each other. 5 Since no filtering or amplification occurs between the two output couplers, the sweeps have increased phase correlation when compared with nonbuffered FDML lasers. As the sweep rates of the buffered FDML lasers are increased, DS degrades moderately from 39 pm at 42 kHz to 102 pm at 370 kHz. This compares favorably with previously reported displacement sensitivities of 25 pm at 29 kHz for spectrometer-based systems 7 and 475 pm at 16 kHz for conventional swept lasers. 13 In profilometry applications, displacements of a single surface are measured and buffered FDML lasers could measure a continuous range between the DS ͑39-102 pm͒ and the laser coherence length ͑Ͼ4 mm͒, more than ϳ8 orders of magnitude.
The enhanced phase stability of FDML lasers arises from their quasi-stationary operation. In conventional swept lasers, only one narrow band of wavelengths is active within the cavity at once, and lasing must build up from the amplified spontaneous emission background of the gain medium every time the tunable filter is moved. 15 This repeated buildup and collapse of lasing causes poor phase stability. In FDML lasers, all wavelengths are simultaneously active within the cavity and undergo minimal amplification and filtering during each round trip. Each sweep is comparable with previous sweeps, thus resulting in high phase stability. Table 1 , column 3 shows the SNR-limited DS calculated for each laser. The buffered FDML lasers achieve DS within 1.4-2.0ϫ the SNR limit. Table 1 , column 4, shows the measured DDS for each laser. This shows the minimum displacement measurable between two consecutive axial scans by subtracting their phases. The DDS of the conventional swept laser and nonbuffered FDML laser are degraded by a factor of ϳ ͱ 2 when compared with their respective single-measurement DS values. This is consistent with a signal containing additive white noise. The DDSs of the buffered FDML lasers, however, are not significantly degraded when compared with their respective DS values. This enhancement is also from the dual output couplers used in buffered FDML lasers and could significantly improve Doppler OCT measurements. Further improvements may also be possible by adding additional output couplers to extract larger numbers of highly phase-correlated sweeps.
The buffered FDML laser operating at 117 kHz was used to demonstrate dynamic phase-sensitive OCT measurements and 3D OCT phase microscopy. For the dynamic measurements, a mirror was mounted to a piezoelectric transducer (PZT) positioned 1 mm behind a glass coverslip in the sample arm, so the back surface of the coverslip generated the reference reflection. The PZT was sinusoidally actuated at 5 kHz, while the phase at a single point on the mirror was monitored over 3 ms. Figure 3 (top) shows the measured PZT displacement versus time.
Clearly visible is 5 kHz motion ±3 nm amplitude. The slow modulation at ϳ500 Hz is motion of the PZT mount relative to the reference surface. This result demonstrates that phase-sensitive OCT with buffered FDML lasers can resolve nanometer-scale surface displacements occurring over microsecond time scales.
To demonstrate 3D OCT phase microscopy, a 210 m glass coverslip was imaged by scanning the incident beam over a 1 mm 2 area. The phase of the back surface of the coverslip relative to the front surface was measured and displayed as an optical path difference in a false color image, as shown in Fig. 3 (bottom). The linear component of the phase was removed from each 2D frame prior to forming the 3D image in order to correct linear thickness variations in the sample and to visualize small surface variations better. Exceptionally low noise is evident in the image. Nanometer-scale surface defects and nonlinear variations in sample thickness ͑±2 nm͒ or refractive index ͑±1.4ϫ 10 −5 ͒ can be visualized. The 3D data set consists of 230ϫ 230 axial scans and was acquired in 0.45 s. This demonstrates that buffered FDML lasers can perform 3D OCT phase microscopy with nanometer sensitivities at speeds significantly higher than spectrometer-based systems.
In conclusion, phase-sensitive OCT with buffered FDML lasers achieves displacement sensitivities of 39, 52, and 102 pm at sweep speeds of 42, 117, and 370 kHz, respectively. This is comparable with spectrometer-based phase-sensitive OCT but with 1.3-12.8ϫ faster data acquisition rates. The differential displacement sensitivities of buffered FDML lasers are comparable with single-measurement displacement sensitivities and would provide an additional ͱ 2 improvement in Doppler OCT sensitivity when compared with conventional swept lasers or nonbuffered FDML lasers. These results show that nanometer-resolution phase-sensitive imaging is possible at speeds significantly faster than other OCT techniques.
